1. INTRODUCTION {#sec1}
===============

The meeting was convened to review the spectrum of small animal models for HIV and its frequently associated co-infections, hepatitis viruses and *Mycobacterium tuberculosis* (Mtb), which are in the portfolio of the Division of AIDS, NIAID. The purpose of the meeting was to gain insight into the types of research that can be carried out in small animals (Table **[1](#T1){ref-type="table"}**) to generate meaningful data and to understand when it would be appropriate to switch to larger animals, such as nonhuman primates (NHP).

2. Session 1: HIV and Emerging Infections {#sec2}
=========================================

**J. V. Garcia** introduced new mouse models that can support human respiratory viral infections in addition to HIV \[[@r1], [@r2]\]. An example is the human lung-only mouse (LoM) (Fig. **[1](#F1){ref-type="fig"}**) where the implanted human lung tissue transforms into a three-dimensional organoid with human lung structures, such as blood vessels, bronchial and bronchiolar airways, and cartilage. When injected directly into the organoid, Middle East Respiratory Syndrome Coronavirus (MERS-CoV) infects human epithelial, endothelial, and mesenchymal cells. Other applications of the LoM model shown were Zika virus (ZIKV), attenuated Mycobacteria (BCG), influenza A H3N2, respiratory syncytial virus, and human cytomegalovirus (HCMV). **A. Wahl** continued the presentation by introducing the BLT-Lung mouse. Similar to the BLT model \[[@r3]-[@r5]\], BLT-Lung mice became reconstituted with human CD45 cells in the peripheral blood and tissues. For comparison, LoM and BLT-Lung mice were injected with luciferase-encoding HCMV directly into the lung organoid, and the infection was monitored through bioluminescence imaging. BLT-Lung mice, due to the presence of cellular immune responses, were able to control CMV infection whereas LoM were not. CD8+ T cells expressed IFNγ and CD107α, and CD4+ T cells expressed IFNγ and TNFα following CMV peptide stimulation demonstrating that the T cells were functional. In addition, HCMV neutralizing activity was detected in the plasma of the HCMV-exposed BLT-Lung mice. The BLT-Lung model could also potentially be used for HIV co-infections with TB or CMV.

**R. Akkina**'s presentation highlighted the versatility of humanized mouse models for ZIKV, dengue virus, and HIV-1 and HIV-2 infections. Since the presence of latent virus is a major obstacle for HIV cure, Dr. Akkina's laboratory developed an ultrasensitive *in vivo* viral outgrowth assay using humanized mice (hm-VOA assay) with higher sensitivity of detection than the commonly used *in vitro* quantitative VOA \[[@r6], [@r7]\]. Another example was the use of hu-mouse models for the testing of oral pre-exposure prophylaxis strategies (PrEP). Results demonstrated that synergistic as well as antagonistic pharmacokinetic (PK) aspects can be delineated when different combinations of drugs, such as maraviroc, raltegravir, and tenofovir, are administered \[[@r8]\]. While HIV-1 strains are extensively studied, pathogenesis and preclinical studies on HIV-2, which also induces AIDS, have been limited due to the lack of a suitable animal model. Dr. Akkina's work with HIV-2 infected humanized hematopoietic stem cell (hu-HSC) mice demonstrated that they experienced persistent viremia and CD4 T cell loss, *i.e.*, hallmarks of AIDS. Results also revealed that combinatorial ART suppresses HIV-2 infection and latent virus re-emerges after treatment interruption \[[@r9]\]. Besides HIV, viral pathogenesis and immune responses to Zika virus (ZIKV) can also be evaluated in BLT mice \[[@r10]\]. Future work is directed towards developing a model for dengue secondary infection, which is an important risk factor for dengue hemorrhagic fever and shock syndrome.

3. Session 2: Hepatitis viruses (HBV, HCV) and HIV-Hepatitis Virus Co-infections {#sec3}
================================================================================

**L. Poluektova** focused on HIV-HBV coinfection models for therapy. HIV and HBV display similarities in their replication cycles as they both have a reverse transcription (RT) step. Therapeutics approved for HBV mainly include nucleos(t)ide analogues inhibitors of RT, two of which (tenofovir and lamivudine) also have anti-HIV activity. She reported that Long-Acting Slow Effective Release antiretroviral therapeutics (LASER ART) control HBV replication in the liver of humanized mice \[[@r11], [@r12]\]. In rats, a single injection of 75 mg/kg nanoformulated lamivudine persisted for 28 days in the peripheral blood with significant accumulation in spleen, liver, and lymph nodes. Similarly, a single injection of 75 mg/kg nanoformulated lamivudine suppressed HBV replication for 4 weeks in chronically HBV-infected TK-NOG mice transplanted with human hepatocytes. To establish an HIV/HBV co-infection model, TK-NOG mice were reconstituted with human hepatocytes as well as monocyte-derived macrophages \[[@r13]\]. It was found that the engrafted human cells suppressed HBV replication in hepatocyte transplanted mice; however, HIV infection counteracted the anti-HBV activity of the human cells. In summary, co-transplantation of hepatocytes and immune cells or combinations of antigen-presenting cells (APCs) and lymphocytes injected into mice can create a model for studying HIV/HBV co-infections, supporting the development of dual-acting therapeutics.

**M. Bility** presented a humanized mouse model that is suitable for HBV infection by reconstituting immunodeficient A2/NSG mice \[NOD.Cg-Prkdc(scid) Il2rγ (tm1Wjl)/ SzJ mice with human HLA-A2 transgene\] with human hematopoietic stem cells and liver progenitor cells (A2/NSG-hu HSC/Hep mice) \[[@r14], [@r15]\]. He also discussed the bone marrow-liver-thymus-spleen (BLTS)-humanized mouse model, which represents a significant improvement over existing models, with notably "improved" human myeloid cells, IgG secreting-B cells, and primary and secondary lymphoid tissues and human immunity \[[@r16], [@r17]\]. Adding human skin and liver cell grafts to the BLTS mouse model facilitates the study of HIV vaccines and therapeutics and hepatitis B virus-induced liver disease, respectively. Further enhancements of human xenograft animal models include immunodeficient rat and rabbit models, which may provide tools for developing robust small animal models for long-term studies of HIV co-morbidities and associated end-organ disease.

Modeling (HIV-exacerbated) viral hepatitis in humanized mice was discussed by **A. Ploss** \[[@r18]\]. As mentioned earlier, human liver chimeric mice are a versatile model for studying human hepatotropic pathogens \[[@r19], [@r20]\]. FNRG-A2 xenorecipients support robust co-engraftment with HLA-matched human hepatocytes and hematopoietic cells, and both FNRG-A2-Hep and human immune system (HIS)/Hep mice are susceptible to HBV infection (Fig. **[2](#F2){ref-type="fig"}**). FNRG-A2 HIS-Hep dually engrafted mice mount an HBV-specific CD8+ T

cell response, creating the possibility of immuno-phenotyping as hepatitis B core antigen (HBcAg)-specific CD8+ T cells acquire an activated phenotype. HBV viremia is consistently lower in these dually engrafted animals, suggesting some level of immune control by the co-engrafted HIS mice. Expectedly, at six weeks post-HBV infection, only minor liver damage was observed in HBV-infected FNRG-A2 HIS-Hep mice. However, further improvements are needed to mimic human immunity in these humanized mice.

**K.-D. Bissig** also presented studies of HBV replication in human liver chimeric mice \[[@r21], [@r22]\]. Three requirements need to be met for successful human hepatocyte transplantation: selection advantage of transplanted cells or selection disadvantage of endogenous cells, regeneration of the liver, and immunological tolerance. Human liver chimeric mice can be divided into genetic models (uPA, FRG, TK-NOG, PiZ, AFZ, *etc.*) or chemical models that utilize drugs to destroy mouse hepatocytes before transplantation of human liver cells. Limitations of the uPA mouse \[[@r23]\] include bleeding and neonatal death, a narrow window for transplantation of human hepatocytes, and a short life span after humanization. In the FRG \[[@r21]\] or transgene-free TIRF \[[@r24]\] mouse model (transgene-free, *Il2 rγ^-/-^, Rag2^-/-^, Fah^-/-^*), which is based on a tyrosine metabolism defect, the drug NTBC (nitisinone) compensates for the FAH deficiency, and selection pressure for transplanted human hepatocytes can be applied by removing the compound \[[@r21]\]. These mice can achieve greater than 95% humanization of the liver \[[@r22]\] and can be used to study the pathogenesis of viral hepatitis and to evaluate the engraftment of stem cell-derived and diseased hepatocytes, hepatitis-related gene therapies, and the metabolism of hepatitis drugs \[[@r25]\]. Higher HBV titers correlate with higher human chimerism. Variability from mouse-to-mouse and the lack of a human immune system were mentioned as limitations of the human chimeric liver mice.

**S. Menne** introduced the Eastern woodchuck (*Marmota monax*) as an immunocompetent model for developing new HBV therapies \[[@r26], [@r27]\]. The woodchuck hepatitis virus (WHV), as well as HBV, belong to the genus Orthohepadnavirus in the family Hepadnaviridae. The genome structure, morphology and lifecycle of WHV and HBV are similar. Woodchuck infants infected with the strain WHV7 originating from Maryland became positive for WHV DNA and surface antigen (WHsAg), with peaks 8-12 weeks after inoculation. The majority of animals progress to chronicity (60-75%) and develop hepatocellular carcinoma later in life. As in HBV infection, covalently closed circular DNA (cccDNA) is produced. Acute infection period during the first year is suitable for studying early pathogenic features. One to 2.5 years after infection is the ideal time frame for evaluating antiviral immunotherapies, and antitumor immunotherapies are usually tested 2.5 years post-infection. FDA-approved drugs, such as IFNα-2b, lamivudine, adefovir, entecavir, telbivudine, tenofovir, and other nucleos(t)ide analogs have been evaluated during their development phase in the woodchuck model. At present, the woodchuck model is used for testing immunomodulators (toll-like and RIG-I-like receptor agonists, AAV-encoded and recombinant IFN-α), checkpoint inhibitors (αPD-1), and compounds directed against unique host or viral targets \[[@r28], [@r29]\].

**B. Burwitz** is developing a rhesus macaque model of chronic HBV infection because chimpanzees are no longer available for this type of research. The HBV surface receptor, human sodium taurocholate cotransporting polypeptide (hNTCP), differs by five amino acids within the HBV binding region between humans and macaques. Due to one of these amino acid differences (G158R), HBV cannot bind to macaque NTCP. Dr. Burwitz demonstrated that macaque hepatocytes expressing hNTCP can support full HBV replication cycle following HBV binding and entry \[[@r30]\]. He concluded that his laboratory now has an HBV-susceptible primate model for testing direct-acting antivirals.

4. Session 3: *Mycobacterium tuberculosis* (Mtb) Infection or HIV-Mtb Co-Infections {#sec4}
===================================================================================

**J. Endsley** has employed the BLT humanized mouse model for studying the complex molecular and immunological interactions of HIV/TB co-infection \[[@r31]-[@r33]\]. BLT mice develop poorly organized necrotic granulomas in response to Mtb infection. The subsequent induction of HIV co-receptors and proinflammatory response (IL-1β and TNFα) is associated with HIV replication at the TB granuloma site. HIV/TB co-infected mice have increased mycobacterial growth in the lung, and histologically the granulomas are larger and more inflamed compared to mice infected with Mtb alone. While exploring the mechanisms of these pro-inflammatory outcomes, Dr. Endsley found that mycobacterial exposure activates CLEC10a, a macrophage galactose-type lectin (MGL) selectively expressed on activated M2 macrophages and dendritic cells. However, CLEC10a is strongly downregulated in HIV/TB co-infected mice along with activation of proinflammatory response. Therefore, MGL may play an important immune role in TB through anti-inflammatory and/or antibacterial mechanisms because proinflammatory cytokines are induced in MGL knock-out mice infected with MTB \[[@r34]\] . Additionally, Dr. Endsley developed a small animal model of TB relapse as a result of HIV infection, in which BLT mice were infected with Mtb and, when they progressed to active disease, they were treated with rifampin and isoniazid for 2 months. Mice with paucibacillary Mtb infection following drug treatment were found to relapse upon infection with HIV-1 (JR-CSF).

**D. Barber** studied T cell migration/differentiation and spatial localization of CD4 T cells at sites of bacterial replication and identified new CD4 T cell molecules associated with protection against Mtb infection in mice and macaques. He pointed out that CD4 T cells are critical for the containment of TB because they provide help to Mtb-infected macrophages. In mice, less-differentiated CXCR3+ Th1 cells migrate into the lung parenchyma and protect against Mtb infection, while CX3CR1+ terminal effector cells accumulate in the blood vessels and do not contribute to control of the infection \[[@r35], [@r36]\]. However unlike in mice, in monkeys, Mtb-specific CD4 T cells are largely CXCR3+ and CXCR3+CCR6+ (Th1\*) cells, and neither develop a CX3CR1+ terminal effector phenotype nor accumulate in the blood vessels \[[@r37]\]. Collectively, it seems that mice make an overly Th1-polarized T-cell response during Mtb infection. Another aspect of Dr. Barber's research is the identification of new CD4 T-cell molecules that are associated with protection against Mtb infection. In mice, CD153 (CD30L) was preferentially expressed by protective lung parenchymal CD4 T cells and was required for host survival of Mtb infection as CD153-deficient mice succumbed early to Mtb infection \[[@r38]\]. Similar to mice, NHP and human Mtb-specific CD4 T cells expressed CD153 and its expression correlated with better outcomes. He concluded that there are major differences in the quality of T-cell polarization between mice and primates, leading to major differences in function and migration.

**P. Karakousis** showed interest in host-directed therapies (HDT) for TB since Mtb is known to subvert host responses and induce lung damage \[[@r39], [@r40]\]. Preclinical endpoints of HDT include the assessment of bacterial clearance in the host and histological or radiographic assessment of lung inflammation. Although vastly underutilized, invasive spirometry and unrestrained whole-body plethysmography can be used to measure lung function in small animals. The conventional mouse model of TB chemotherapy has been employed to study the adjunctive activity of metformin \[[@r41]\], simvastatin \[[@r42], [@r43]\], and tofacitinib \[[@r44]\] (JAK inhibitor). Advantages include convenience, reduced cost, and availability of immunological reagents; however, mouse TB lesions (Fig. **[3c](#F3){ref-type="fig"}**) differ significantly from their human counterparts, raising the question of whether this model is predictive for studying the activity of novel HDT agents against TB. Specifically, mouse TB lesions are similar in cellular composition to human TB lesions, but tissue caseation and hypoxia and liquefaction/cavitation, pathological hallmarks of human TB, are absent. To overcome these deficiencies, the C3HeB/FeJ mouse model, which lacks the *lpr1* gene, is increasingly being used as a preclinical drug screening model since these mice can develop necrotizing granulomas and even lung cavities upon Mtb infection \[[@r45], [@r46]\]. For example, ibuprofen adjunctive therapy resulted in significantly decreased tissue bacillary loads and increased survival in Mtb-infected C3HeB/FeJ mice. However, among all models presented, the NHP model is believed to reproduce most accurately the clinical, histological, and microbiological characteristics of human active and latent Mtb infection (LTBI) (Fig. **[3a](#F3){ref-type="fig"}**).

**E. Nuermberger** also relies on mouse models for TB regimen development with the goal of a) characterizing individual drug effects against Mtb, b) evaluating the activity of novel drug regimens (in models of active TB and LTBI), c) determining the contribution of individual drugs to multidrug regimens, and d) assessing the impact of caseous pathology (*e.g.*, in C3HeB/FeJ mice) and immunodeficiency (*e.g.*, in athymic nude mice). His laboratory developed a paucibacillary mouse model of LTBI to test the activity of clinical regimens, which accurately rank orders the regimens by recommended treatment duration in clinical use \[[@r47], [@r48]\]. He also found that the duration of treatment needed to cure 50% of mice gave a good estimate of effective treatment durations in clinical use. The model predicts the excellent activity of short-course bedaquiline treatment for LTBI, including for close contacts of multidrug-resistant TB patients. Third, he showed that BALB/c mouse models of active TB demonstrated utility and predictive accuracy in the development of novel regimens for active TB. Moreover, C3HeB/FeJ mice offer additional value for assessing the impact of caseation (Fig. **[3d](#F3){ref-type="fig"}**) on drug and regimen efficacy and may be a useful model for studying cavitation \[[@r49], [@r50]\]. Progress has been made towards establishing a quantitative, PK/PD-based translational modeling and simulation platform for predicting clinical trial results using pre-clinical PK/PD and phase 1 PK data \[[@r51]\].

According to **B. Podell,** a hallmark of the guinea pig model is the caseating granuloma lesion, which consists of a central area of necrosis surrounded by macrophages and a cuff of lymphocytes and fibroplasia (Fig. **[3b](#F3){ref-type="fig"}**). Granuloma lesions can be classified as 1) primary, classical granulomas that form before development of T-cell immunity and are dominated by TNFα and IL-12 cytokines, or 2) pneumonic-type secondary lesions that form after development of the cell-mediated response and are dominated by IFNγ and regulatory cytokines, such as TGFβ \[[@r52], [@r53]\]. Due to necrotic lesions resembling human granulomas, this model has been primarily used for HDT, relapse models, and antimicrobial reduction \[[@r54]\]. In recent work, the guinea pig has also served as a model for comorbidity research to understand the mechanisms contributing to a higher risk of active TB disease and the impact of risk factors on TB disease outcomes. Moreover, guinea pigs are also frequently used for metabolic research because, unlike other rodents, they have glucose and lipid metabolism similar to humans \[[@r55]\]. Accordingly, guinea pig has contributed to the understanding of type 2 diabetes-TB comorbidity and represents an appropriate model for testing metformin or other repurposed metabolic drugs, which hold promise as adjunctive TB therapies \[[@r41]\]. Despite the value of this species in the development of new therapeutic strategies, the guinea pig has limitations in that this species does not reliably develop LTBI or cavitation \[[@r56]\].

**S. Subbian** presented a pulmonary Mtb infection model in rabbits, with clinical manifestations ranging from active disease with cavitation to paucibacillary infection (Fig. **[3e](#F3){ref-type="fig"}** and **4**) \[[@r57], [@r58]\]. Initially, two single clinical strains were used for challenge: the hypervirulent Mtb HN878, and the hyperimmunogenic Mtb CDC1551, which regresses into a latent stage. Rabbits infected with Mtb HN878 developed subpleural lesions at week 4 that further "matured" with cavities at week 16, mimicking the pathology of human pulmonary TB, whereas Mtb CDC1551 infection seldom produced visible subpleural granulomas. However, the infected rabbits developed LTBI spontaneously as defined by a lack of cultivable bacteria in the lung homogenates. This latent infection can be reactivated by immune suppression with triamcinolone (Kenalog^®^) or dexamethasone. Next, Dr. Subbian's group set up a pulmonary infection model in rabbits with mixed Mtb strains (Mtb HN878 and CDC1551) to understand the effect of dual infection on the host response. Dr. Subbian's team also examined the dose-dependent host response to MtbHN878 infection in rabbits with or without prior BCG-vaccination. His data demonstrated that the aerosol inoculum dose of Mtb determined the course of initial infection towards either progressive disease or manifestation of infection and establishment of LTBI. The protective efficacy of BCG vaccines was also directly impacted by the Mtb challenge dose. In summary, the rabbit model of active TB and LTBI displayed distinct pathological features relevant to respective human conditions.

5. DISCUSSION {#sec5}
=============

During the 'HIV and Emerging Infections' session, clarification was requested whether the human lung in the BLT-Lung model is ventilated and whether the movement of the cilia and mucus secretions are present. It was explained that lung organoids can be maintained for over one year and all normal lung functions are preserved. GvHD development is donor-dependent and is mainly seen when male mice are transplanted with female human tissues. The CD4/8 ratios in the lung tissue are more human-like than mouse-like.

During the 'HBV' session, questions pertained mostly to the generation of HBV humanized mouse models. Several transgenic and genetically modified immunodeficient mouse strains were presented that are invaluable for testing anti-HBV therapeutics. For the HIV/HBV co-infection model, the simultaneous transplantation of human hepatocytes and human immune cells allows for modeling the interaction between the two viruses and the interaction of the viruses with the immune system. Moreover, liver sections from humanized mice carrying HBV and HIV are suitable for RNA transcriptome analysis, which can reveal the pathways of HBV replication control by immune cells. The drawback of a possible allogeneic reaction was resolved with the FNRG-A2 mouse model where HLA-type prescreened donors were used for engraftment; HLA-A2-positive hepatocytes and hematopoietic stem cells can also be combined for dual infection.

For 'Tuberculosis' session, interest was expressed in factors involved in Mtb re-activation in the HIV/TB co-infection model. Regarding the comparison of mouse and primate TB models, mice have IL-17 producing cells, but they are not bona fide Th17 cells. Also, the granulomas are histologically different between mice and primates. APC function in murine and primate systems is not well understood and was regarded as a potential gap area. Another issue raised was the timing of HDT and whether it should be administered before or after the TB-specific treatment. One observation that was made was that individuals with diabetes who were receiving metformin for at least three months before TB treatment was initiated showed increased survival rates. In summary, the questions raised were mostly of technical nature or regarded clarifications of scientific data presented at the meeting.

Concerning the limitations of various animal models \[[@r59], [@r60]\], humanized mouse models and primates are the only choices for HIV/SIV and HBV due to their narrow host range. Humanized mouse models are less expensive than primate models, and HIV/HBV rather than SIV or surrogate hepatitis viruses can be used for infection. However, their size, rate of metabolism, and longevity present some experimental challenges. More small animal model choices are available for TB, such as mouse, guinea pig, and rabbit models, some of which recapitulate human pathogenesis, but they do not recapitulate human (HLA-restricted) immune responses. However, TB infection in primates is still the model most comparable to humans.

CONCLUSION
==========

Humanized mouse models are required for lympho- and hepatotropic infections, such as HIV and HBV and HIV/TB co-infections. Non-humanized animal models, such as C57BL6 and C3HeB/FeJ mice, guinea pigs, and rabbits can only accommodate Mtb infections, and not HIV or HBV/HCV.
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![**BLT/hu-Lung Mice.** The BLT-Lung mouse model was created by combining the features of the Lung-only mouse (LoM) with the features of the BLT mouse. Thus, the BLT-Lung mouse model consists of both a systemic human immune system and non-hematopoietic human target cells. *(A higher resolution/colour version of this figure is available in the electronic copy of the article).*](CHIVR-18-19_F1){#F1}

![**Hu-Liver and HIS Mice.** Dually engrafted mice have been generated by combining characteristics of human liver HEP-mice with features of human immune system mice. The HIS/HEP mice, therefore, allow susceptibility to human hepatotropic pathogens (HBV, HCV, HDV, HEV, *etc.*) and human lymphotropic pathogens (*e.g.*, EBV, HIV) and can be used for evaluating the pathogenesis and immune responses of hepatotropic pathogens and for preclinical testing of vaccine candidates. *(A higher resolution/colour version of this figure is available in the electronic copy of the article).*](CHIVR-18-19_F2){#F2}

![**Comparison of Mtb Lesions in Humans and Various Small Animal Models.** The diversity of granulomas in various animal models of TB is shown. Lesions in rhesus macaques (**A**) appear histopathologically remarkably analogous to human granulomas consisting of a central area of necrosis with a wall of macrophages surrounded by a cuff of leukocytes. Similar structures also develop in guinea pigs (**B**). In stark contrast, C57BL/6 mice (**C**) do not develop highly organized TB lesions, and C3HeB/FeJ mice (**D**) develop highly suppurative lesions with cavitations more closely resembling abscesses than caseation. Similar to NHP, rabbits (**E**) develop lesions with cavitation resembling human pathology. *(A higher resolution/colour version of this figure is available in the electronic copy of the article).*](CHIVR-18-19_F3){#F3}

![**Infectious Cycle of Mtb in Humans and Animal Models.** This diagram shows the typical infectious cycle in mice, guinea pigs, rabbits, and nonhuman primates. All models develop primary TB and granulatomous responses ranging from granulomas resembling human pathology to pseudo-granulomas. Those from C3HeB/FeJ mice, rabbits, and NHP also evolve into cavitations that facilitate transmissions by aerosol. Paucibacillary infections and latency with the possibility of re-activation are also seen in rabbits and NHP. *(A higher resolution/colour version of this figure is available in the electronic copy of the article).*](CHIVR-18-19_F4){#F4}

###### 

Small Animal Models Presented for HIV, HBV, and *Mycobacterium tuberculosis* infection.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Animal Model**                                                                                                                  **Pathogen**                                                **Application**                                                                                                                                                         **Investigator**
  --------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------
  Lung-only mice (LoM)                                                                                                              MERS-CoV, ZIKV, BCG, influenza H3N2, RSV, HCMV              Infection with respiratory disease viruses                                                                                                                              J.V. Garcia\
                                                                                                                                                                                                                                                                                                                                                                        A. Wahl

  BLT-Lung Mouse (BLT-L)                                                                                                                                                                                                                                                                                                                                                

  Hu-PBL, hu-HSC, BLT mice                                                                                                          ZIKV, dengue virus, HIV-1, HIV-2                            Gene therapy, sexual transmission and prevention, viral latency and reactivation, siRNAs aptamers and broadly neutralizing antibodies, hu-mouse viral outgrowth assay   R. Akkina

  Rag2DK mice                                                                                                                       ZIKV                                                        Microcephaly                                                                                                                                                            

  TK-NOG mice with human hepatocytes and macrophages                                                                                HIV, HBV                                                    Study of HIV/HBV co-infections and development of dual-acting therapeutics                                                                                              L. Poluektova

  NSG mice with HLA-A2 transgene, BLTS mice                                                                                         HIV, HBV                                                    Study of HIV-associated vaccines/therapeutics and HIV/hepatitis B virus-induced liver disease                                                                           M. Bility

  FNRG-A2-Hep, HIS/Hep mice                                                                                                         HIV, HBV                                                    Study of human hepatotropic pathogens                                                                                                                                   A. Ploss

  TIRF, FRG, uPA, TK-NOG mice                                                                                                       HBV                                                         Study of human hepatotropic pathogens                                                                                                                                   K.-D. Bissig

  Eastern woodchuck                                                                                                                 Woodchuck hepatitis virus                                   Testing of nucleos(t)ide analogs, immunomodulators and compounds directed against unique host or viral targets                                                          S. Menne

  Rhesus macaques transgenic or transduced with human HBV surface receptor sodium taurocholate cotransporting poly peptide (NTCP)   HBV                                                         Testing of direct antivirals for HBV                                                                                                                                    B. Burwitz

  BLT mouse model                                                                                                                   HIV/Mtb\                                                    Effect of HIV infection on outcome of TB\                                                                                                                               J. Endsley
                                                                                                                                    co-infection                                                TB relapse model to study host-directed therapies and discovery of mechanisms of disease                                                                                

  C57BL/6 mice, nonhuman primates                                                                                                   Mtb                                                         Comparative analysis of CD4 T cell responses to Mtb infections                                                                                                          D. Barber

  BALB/c and C3HeB/FeJ mice                                                                                                         Mtb                                                         Study of host-directed therapies                                                                                                                                        P. Karakousis

  BALB/c, C3HeB/FeJ, and athymic nude mice                                                                                          Mtb                                                         Study of novel regimens for active TB and LTBI                                                                                                                          E. Nuermberger

  Guinea pigs                                                                                                                       Mtb                                                         Study of host-directed therapy and\                                                                                                                                     B. Podell
                                                                                                                                                                                                comorbidity research                                                                                                                                                    

  Rabbits                                                                                                                           Mtb                                                         Evaluation of effectiveness of TB therapy and vaccines during mixed Mtb infection in the lungs                                                                          S. Subbian

  BLT=bone-marrow/liver/thymus\                                                                                                     TIRF= transgene-free, *IL2 rγ^-/-^, Rag2^-/-^, Fah^-/-^*\   \-                                                                                                                                                                      
  PBL=peripheral blood lymphocytes\                                                                                                 FRG= *Fah^−/−^/Rag^2−/−^/IL2rγ^−/−^*\                                                                                                                                                                                               
  HSC=hematopoietic stem cells\                                                                                                     uPA= uroplasminogen activator                                                                                                                                                                                                       
  FNRG= *Fah^-/-^*on NOD, *Rag1^-/-^, IL2 rγ^-/-^*                                                                                                                                                                                                                                                                                                                      
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
